It has been known for over a century that combined nitrogen inhibits the growth of legume nodules, and, in recent decades, it has been shown that combined nitrogen also inhibits N2 fixation activity of nodules (6, 7, 9, 13, 17, 22) . While there has been some interest in the effect of ammonium (7, 9), most of the emphasis has been on the effect of nitrate, which is the most common form of nitrogen absorbed by plant roots growing in cultivated soil. The mechanism by which nodule growth and nitrogenase activity are adversely affected by nitrate is still not clear.
protein x hour). A Rhizobium japonicum mutant (derived from strain 61A76) lacking nitrate reductase was employed to show that the cytosol enzyme activity is of host origin. Growth of nodules formed by the mutant lacking nitrate reductase was inhibited by nitrate. These nodules did contain nitrite although concentrations of nitrite (about 0.3 microgram N per gram fresh weight) were low relative to nitrite concentrations (about 1.5 microgram N per gram fresh weight) in nodules formed by R. japonicum strain 61A76. The overall results support the idea that the depression of legume nodule growth by nitrate is directly related to the metabolism of nitrate in nodules.
It has been known for over a century that combined nitrogen inhibits the growth of legume nodules, and, in recent decades, it has been shown that combined nitrogen also inhibits N2 fixation activity of nodules (6, 7, 9, 13, 17, 22) . While there has been some interest in the effect of ammonium (7, 9) , most of the emphasis has been on the effect of nitrate, which is the most common form of nitrogen absorbed by plant roots growing in cultivated soil. The mechanism by which nodule growth and nitrogenase activity are adversely affected by nitrate is still not clear.
One of the simplest explanations for the effect of nitrate on nodule growth and nitrogenase activity states that some product of nitrate metabolism is inhibitory. Nitrite is a logical candidate for such an inhibitory role because (a) it is a potent inhibitor of nitrogenase activity when mixed with the purified enzyme (24) or with bacteroids in vitro (10, 18) , or supplied to intact nodules (9) ; ' (b) it deoxygenates and oxidizes leghemoglobin in vitro resulting in the formation of ferric leghemoglobin ( 18) ; and (c) it (ie. nitrous acid) reacts spontaneously with primary and secondary amines.
There have been very few reports demonstrating the actual presence of nitrite in nodules on plants supplied with nitrate.
Rigaud has reported 140 to 780 nmole NO2/g fresh weight of soybean nodules 6 to 24 h after supplying plants with 7 mM N03 (17) . More recently, Manhart and Wong have reported high NO2 concentrations in lupine and cowpea nodules supplied with very high (15 mM) nitrate (13) . They also showed that the amount of NO2-accumulated in nodules was positively correlated with NR2 activity in bacteroids (13) . In both of these studies, the main interest was in exploring the inhibition of nitrogenase activity by nitrate over periods of 1 to 5 d.
After the discovery of NR in Rhizobium japonicum bacteroids (5) it was generally assumed that the synthesis of nitrite in nodules occurs in the bacteroids. However, Gibson and Pagan showed that growth and N2-fixing activity of Macroptilium atropurpureum and Trifolium subterraneum nodules formed by Rhizobia lacking NR were still depressed when plants were supplied with nitrate (6) . This observation has recently been extended to Vigna unguiculata and Lupinus angustifolius nodules (13) . Coupled with the fact that nitrite was not detected in these nodules (6, 13) , these observations make it less likely that the generation of nitrite in nodules may be the mechanism by which nitrate inhibits nodule growth and activity. The work reported here was focused on the effect of nitrate on soybean nodule growth. The objectives were to (a) Beeson, were planted in silica sand. Variations in nitrate concentration in nutrient solutions were provided by balancing nitrate and chloride. Details on nutrient solution composition and plant growth conditions have been published (22) .
Plants for experiments 1 and 2 were grown outdoors during the summer months without alteration of the natural photoperiod. Plants for the preliminary experiment and for experiments 3 and 4 were grown in a greenhouse between January and May with supplemental light providing a photoperiod of 15 (0.1), and Na gluconate (2.0); pH was adjusted to 6.9 ± 0.1 with KOH.
Comparison of the NR-less mutants indicated that all three are essentially the same with respect to growth rate in culture, number of nodules formed, nodule weight/plant, acetylene reduction activity of nodules, plant growth in zero-N solution, and complete absence of NR in bacteroids. One of the mutants, NR-6, was used in all subsequent studies in comparison with the wild type, 61A76.
Inoculant doses of 2 to 4 x I09 cells/seed were used in experiments 3 and 4. Sand was sterilized by autoclaving in these experiments.
Analysis of Nitrogenous Constituents. Numerous published methods for extraction and analysis of nitrite were tried and found unsatifactory because of color and/or turbidity which interfered with analysis of nitrite at very low concentrations in nodule extracts. The method of Sen and Donaldson (20) , with minor modifications, was found suitable for analysis of nitrite in soybean nodules. Recovery of N02-added to nodules just before grinding was 82 to 84% which is higher than reported for other methods.
The lower limit for quantifying nitrite was about 20 nmol/g fresh weight (Fig. 1) For analysis of ammonium, fresh nodules were ground in 0.01 N HCI. This concentration of HCI will conserve NH4' but will not hydrolyze amides. Extracts were centrifuged at 12,000g for 5 min. Volume of each tube was recorded after centrifugation and portions of the extract were analyzed for NH4' concentration by microdiffusion and Nesslerization.
For analysis of other nitrogenous constituents, ethanol extracts of nodules (22) were employed. Nitrate was analyzed by the methods of Woolley et al. (26) using 100 mg portions of the reagent powder. Ureide was analyzed as described previously (21) . Amino nitrogen was measured by the method of Moore and Stein (15) . Prior to amino-N determinations, ammonia was removed from samples by drying portions of extract with 125 tsl of KOHborate buffer (9.28 g boric acid plus 32.5 ml of 6.0 N KOH diluted to 500 ml with methanol).
Nitrate Reductase. For in vivo NR, 250 mg of leaf tissue was vacuum infiltrated with 0.1 M phosphate buffer (pH 7.5) containing 1% (v/v) propanol and 0.01% (v/v) Triton X-100 as a wetting agent. Nitrate was omitted from the infiltration medium in order to provide a more accurate estimate of in situ nitrate reduction rate (3). Mixtures were incubated at 30°C in a shaking water bath in the dark. Samples taken after 0, 15, 30, and 45 min were analyzed for N02 , and enzyme activity was estimated from a period of linear increase in [NO2 I and from standards added to samples (23) .
For determinations of nodule NR about 1 g fresh nodules were
chilled and extracted at 2°C with 5 ml 25 mm phosphate buffer (pH 7.4), containing 0.2 M mannitol and 2.5 mm dithioerythritol. Moist, insoluble PVP (2.5 g) was mixed with crude extract. After standing for 10 min, the extract was filtered through four layers of cheesecloth and centrifuged (2°C) at 12,000g for 15 min. The supernatant was used for cytosol assays.
The reaction mixture consisted of 200 ,umol phosphate buffer (pH 7.5, the pH optimum of the enzyme), 20 ,tmol NaNO3, 0.75 pmol NADH (Sigma grade III), and 0.3 ml cytosol (about 0.75 mg protein) in a total volume of 2.0 ml. Boiled cytosol was the control. After incubation of mixtures for I h at 30°C, nitrite formation was determined colorimetrically (23) . For determination of bacteroid NR, the bacteroid pellet was rinsed twice with 0.2 M phosphate (pH 7.5) and then resuspended in 5.0 ml of the same buffer. The reaction mixture consisted of 400 ,umol phosphate buffer (pH 7.5), 40,umol KNO3, 100 ,umol succinate (pH 7.5), and 25 to 50 ul bacteroid preparation (about 50,ug protein) in a total volume of 3.4 ml. Boiled bacteroids served as the control. Mixtures were incubated aerobically for 30 to 60 min at 30°C and reagents for colorimetric determination of nitrite (23) were added to stop the reaction. Tubes were then centrifuged at 15,000g and A550 of the supernatant was determined. Protein content was determined by the method of Bradford (2). RESULTS A preliminary experiment was conducted to characterize the effect of nitrate on nodule growth using the sand culture system to be employed in subsequent experiments. Little effect of 15 or 30 mg N03-N/L on nodule weight/plant was found, while 60, 100, and 150 mg N/L reduced nodule weight, relative to 0-N controls, by about 40, 80, and 85%, respectively. Stem exudate was also collected from these plants to assess the effect of nitrate treatments on nitrogen nutrition. Results showed that a drastic reduction in ureide concentration accompanied the expected increase in nitrate concentration while concentration of amino-N was apparently not altered by nitrate treatment (TableI). Declines in ureide concentration of stem exudate in response to nitrate supply are interpreted as indicating a decline in N2-fixation activity in nodules (14, 16) . Since there was an apparent positive effect of nitrate supply on exudate flow rate (Table I) , the decline in quantity of ureide transported may not be as great as the decline "Sum of nitrate-N, amino-N, and ureide-N. in ureide concentration in exudate. Nitrate concentration in stem exudate was generally much higher than nitrate concentration in nutrient solution supplied (Table I) .
The time course of the effect of nitrate on soybean nodule development is shown in Figure 2 (Fig. 2) . In a second experiment with more replications, 100 mg NO:3--N/L supplied for 36 days resulted in about a 70% decline in nodule weight/plant relative to 0-N or 30-N controls (Table II) . Number of nodules/plant was reduced 30% and specific acetylene reduction activity was reduced 25% by the 100-N treatment (22) . There were generally no significant effects of the 100-N treatment on concentration of ureide, ammonium, or amino nitrogen in nodules (data not shown). The overall mean concentration of ureide, ammonium, and amino nitrogen in these nodules was 190, 103, and 340 ,tg N/g fresh weight, respectively. There were consistent, major effects of nitrate treatments on nitrate and nitrite concentrations in nodules (Table II) . Nitrate concentration in roots was 3 to 4 times the nitrate concentration in nodules. The very low concentration of nitrate in nodules not supplied with nitrate probably reflects analytical error.
The nitrite concentrations are considered more important because of the potential inhibitory effects of nitrite. The amounts found represent concentrations of about 30 to 100 nmol/g fresh weight. It should be noted that nitrite was detected in 30-N nodules, the growth of which was not inhibited relative to the 0-N control.
NR activity was found in cytosol (Table II) . (Estimates of activity per unit fresh weight can be made by assuming an average protein concentration of 12 mg/g fresh weight.) Cytosol NR activity did not increase markedly in response to nitrate supply. In contrast, NR activity in leafblades increased 13-fold in response to 100 mg NO:3--N/L (Table II) . The results for nodule cytosol are anomalous because of the well known substrate inducibility of this enzyme.
These results (Table II) were obtained with nodules formed by Rhizobia in commercial inoculant. Bacteroids in these nodules did have NR (data not shown) and, even though care was taken not to disrupt bacteroids during preparation of fractions, there was a chance that at least some of cytosol NR originated in bacteroids. The cytosolic origin of this enzyme activity was conn) VA- firmed by employing a R. japonicum mutant lacking NR (Table  III) . The data in Table III also confirmed that, while cytosol NR increases slightly in response to increasing [NO3-] in nutrient solution, nodules grown without nitrate have about half as much activity as nodules grown with high NO3 supply.
Where 6 1A76 inoculant was used, the I00-N treatment reduced nodule weight/plant by about 95% relative to the 0-N control (Table III) . Where NR-6 inoculation was used, the 100-N treatment reduced nodule weight by about 80%. This confirms the conclusion previously made by others (6) that the inhibition of nodule growth by nitrate does not require bacteroid NR.
The depression of nodule growth by nitrate when nodules were formed by NR-6 was accompanied by the accumulation of nitrate and nitrite in nodules (Table III) . Low concentrations of NO2 are indicated in NR-6 nodules grown without nitrate, but these reaction mixtures did not have the typical color and these very low values probably represent analytical error. Low concentrations of nitrite were again observed in nodules from the 30-N treatment (Table III) and growth of these nodules was not depressed relative to their respective 0-N controls.
Nitrate concentrations in 61 A76 nodules were similar to nitrate concentrations in NR-6 nodules (Table III) . In contrast, nitrite concentrations in 6 1A76 nodules were generally higher than nitrite concentrations in nodules. This suggests that the presence of bacteroid NR may be important in generating nitrite when wild-type nodules are supplied with nitrate. The relationship between nitrate or nitrite concentration in nodules and nodule weight is illustrated in Figures 3 and 4 . These data were assembled from the four experiments reported here and the variation in nodule weight among experiments and harvests made it necessary to express nodule weight as percent of mean nodule weight from the 0-N control.
The relationship between nitrate concentration in nodules and nodule weight was statistically significant (Fig. 3) . All of the points above the 100% line between 5 and 25 jIg N/g fresh weight are from 30-N nodules. These data points tend to confound the attempt to define mathematically the effect of nitrate supply on nodule growth. Thus, it could be argued that these data should be omitted from the regression calculation. Also, it could be argued that if 0-N data (cluster of points near 0 jig N/g fresh wt) are omitted the response curve appears to be logarithmic. This was found to be the case with fresh wt (%) = 183 -74.8 (log [NO3-j); R2 = 0.77 (n = 52). While the logarithmic expression was statistically significant, it did not provide a statistically superior fit to the data. The relationship between nodule weight and [NO3 I is undoubtedly complex, and, because of the sometimes positive effect of low nitrate supply on weight, it seems premature to attempt to define the relationship in greater detail.
Data points are more scattered in a plot of nodule weight versus [NO2-] (Fig. 4) . This is, in part, due to the larger error variation in analysis of nitrite at very low concentrations in nodules. Even so, a statistically significant relationship between the two variables was found. A logarithmic expression did not provide a significantly better fit to the data. Data for NR-6 nodules were not included in the regression calculations shown in Figures 3 and 4 . The NR-6 data were omitted because NR-6 nodules accumulate less nitrite than nodules formed by Rhizobia with NR (Table III) . Also, growth of NR-6 nodules may be inhibited less by nitrate than growth of nodules formed by Rhizobia with NR (Table III) . Figure 5 illustrates more clearly that, at a given nitrate concentration, nodules lacking bacteroid NR accumulate less nitrite than nodules having bacteroid NR. While there is considerable error variation (mostly relating to nitrite analysis) in these results, both regression coefficients were highly significant. Furthermore, there was a statistically significant difference between the intercepts and between the slopes of the two regression lines in Figure 5 .
DISCUSSION
While ammonium does not inhibit nitrogenase in vitro, ammonium supplied to intact nodules does lower leghemoglobin concentration (1) and acetylene reduction activity (7, 9) . Inhibition of nitrogenase in bacteroids by ammonium has recently been reported (19) . Ammonium might be generated from nitrate in some bacteroids by nitrate reductase (10, 12) and nitrite reductase (8, 17) . For these reasons, [NH4+J in nodules was determined in most experiments reported here. There was no consistent effect of nitrate treatments on [NH4+] of nodules and where treatment effects appeared to be present, they were small (<25%). Ureide and amino nitrogen concentrations in nodules were monitored in most experiments in case the inhibition of nodule growth by nitrate might be related to accumulation of these export products. Again, there was no consistent effect of nitrate on these variables. These negative results do not rule out an effect of nitrate mediated via ammonium, amino acids, or ureides, but they do not support this explanation.
The involvement of nitrite in the effect of nitrate on nodules is more logical. Results showed that a high nitrate supply in nutrient solution (100 mg N/L, 7.1 mm NO3) drastically altered the nitrogen nutrition of the plant (Table I ) and the growth rate of nodules in sand culture (Fig. 2) . Accumulation of high concentrations of nitrate and low concentrations of nitrite in nodules accompanied the depression of nodule growth by nitrate (Tables II and III) . Furthermore, the statistical relationships between nitrate or nitrite concentration and nodule growth were highly significant ( Figures  3 and 4) . These results support the idea that the inhibition of soybean nodule growth by nitrate may be directly associated with nitrate metabolism, possibly with the accumulation of nitrite itself.
The finding that, when nodules are formed by Rhizobia lacking NR, nodule growth and N2 fixing activity are still inhibited by nitrate has led other workers to conclude that nitrate metabolism is not involved in these inhibitions (6, 13) . The finding that bacteroids of many Rhizobium species apparently lack NR (12) supports the idea that bacteroid NR need not be involved in the depression of nodule growth by nitrate. Thus, it is important to recognize that soybean nodule cytosol contains NR which is of host origin (Table III) . In over a hundred bacteroid preparations from NR-6 nodules, NR has never been detected; thus, crosscontamination of Rhizobia in the sand culture system cannot account for the results. Evans did not find cytosol NR in soybean nodules (5) . The positive results reported here may be related to the use of PVP and dithioerythritol in the extraction of enzyme.
The results reported here raise some new questions. If nitrite is the inhibitory compound, why are very low concentrations of nitrite present in nodules, the growth of which is not inhibited (moderate N03 supply)? I can only suggest that nodules are able to tolerate very low nitrite concentrations. The inhibitory effect of nitrite might be offset by increased plant growth and, thereby, increased demand for fixed N when plants are grown with a moderate (30 mg N/L) nitrate supply. Also, the extent to which nodules can metabolize nitrite may be an important consideration. Bacteroids from Mimosa invisia (8), Phaseolus vulgaris (17) , and V. unguiculata nodules (27) have been shown to metabolize nitrite. However, Daniel and Appleby (4) were unable to detect nitrite reductase in bacteroids from soybean nodules, even though enzyme activity was found in R. japonicum cultured anaerobically.
A second question raised by these results is why nodules not supplied with nitrate contain significant amounts of cytosol NR. Induction of NR by metabolites other than NO3 has been reported (11). However, very low pH was required for expression of the effects (1 1). The temporal distribution and biochemical properties of this enzyme activity in soybean nodules merit further research.
